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ABSTRACT The temperature dependencies of the infrared absorption CO bands of carboxy complexes of horseradish
peroxidase (HRP(CO)) in glycerol/water mixture at pH 6.0 and 9.3 are interpreted using the theory of optical absorption
bandshape. The bands’ anharmonic behavior is explained assuming that there is a higher-energy set of conformational sub-
states (CSSh), which are populated upon heating and correspond to the protein substates with disordered water molecules in
the heme pocket. Analysis of the second moments of the CO bands of the carboxy complexes of myoglobin (Mb(CO)) and he-
moglobin (Hb(CO)), and of HRP(CO) with benzohydroxamic acid (HRP(CO)1BHA), shows that the low energy CSSh exists
also in the open conformation of Mb(CO), where the heme pocket is spacious enough to accommodate a water molecule. In the
HRP(CO)1BHA and closed conformations of Mb(CO) and Hb(CO), the heme pocket is packed with BHA and different amino
acids, the CSSh has much higher energy and is hardly populated even at the highest temperatures. Therefore only motions of
these amino acids contribute to the band broadening. These motions are linked to the protein surface and frozen in the glassy
matrix, whereas in the liquid solvent they are harmonic. Thus the second moment of the CO band is temperature-independent in
glass and is proportional to the temperature in liquid. The temperature dependence of the second moment of the CO peak of
HRP(CO) in the trehalose glass exhibits linear coupling to an oscillator. This oscillator can be a moving water molecule locked in
the heme pocket in the whole interval of temperatures or a trehalose molecule located in the heme pocket.
INTRODUCTION
Heme proteins (e.g., myoglobin, Mb, and hemoglobin, Hb)
signiﬁcantly change conﬁguration upon coordination of dif-
ferent ligands and can be studied using virtually all spec-
troscopic techniques covering wide intervals of times and
temperatures. Therefore they are intensively used to address
the problem of protein dynamics and its role in the protein
functioning (1,2). The role of protein dynamics in inﬂuenc-
ing the protein function was shown by studies of CO recom-
bination in myoglobin (Mb) after photolysis. These studies
have led to the view of conformational substates (CSS) and
energy barriers between them (3,4). The authors explained
nonexponential kinetics of the ligand rebinding at low tem-
peratures, postulating that, in the glassy matrix, the protein
molecules are frozen in slightly different conformations, cor-
responding to various CSSs. Existence of CSSs was sup-
ported by the observation that proteins containing heme
derivatives show inhomogeneously broadened optical spec-
tra (5–8). Consequently, one can describe protein dynamics
as a superposition of two types of motions (9). The ﬁrst type
is the non-protein-speciﬁc motion, corresponding to harmonic
vibrations of relatively small protein parts (e.g., amino-acid
internal vibrations). The second is a large-amplitude protein-
speciﬁc motion, which corresponds to the protein molecule
transition from one CSS to another; these transitions are
affected by the protein surroundings and are strongly hindered
in a glassy matrix (10–23).
The CSSs are organized hierarchically, being grouped in
tiers of different energy; their population controls the protein
dynamics (4). Studies of the temperature dependence of the
population of these CSSs were performed using infrared (IR)
(24,25). Experimental data on the temperature dependence
of the intensities of the Mo¨ssbauer and neutron scattering
spectra (9,26–28) also were used to study the effect of the
temperature and the solvent glass-liquid transition on the
mean-square displacements of protein atoms. However, it was
suggested recently (29) that the temperature dependence of
these intensities stems mainly from the motion of the protein
as a whole and do not reﬂect the internal protein dynamics.
The position of a band corresponding to the IR absorption
by the heme-coordinated carbon monoxide is affected by the
static protein electric ﬁeld (30–40), whereas the temperature
dependence of the shape of this band is sensitive to the
dynamics of the heme environment (41–43). The CO band
width of horseradish peroxidase (HRP(CO)) manifests very
speciﬁc temperature-dependence: it weakly changes at tem-
peratures lower than the temperature of the glass-liquid tran-
sition (Tc ¼ 170–180 K) of the solvent (glycerol/water, pH
6.0 and pH 9.3) and increases dramatically upon heating in
the liquid solvent. Earlier (41,42) we analyzed the temper-
ature dependence of the second moment (M2) of this band
and showed that this broadening is caused by the transition of
the protein between the CSSs of the lower- and higher-energy
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sets (CSSl and CSSh, respectively). However, in the pro-
cedure of the evaluation of the second moments the addi-
tional uncertainty originates, which, in particular, strongly
depends on the correct subtraction of the background.
Therefore, the precision of the obtained parameters did
not allow us to make conclusions about the nature of this
state.
In this article we use the theory of optical band shape (44–
46) to interpret the experimental data on the temperature
dependence of the shape (not only of M2) of the CO band of
HRP(CO) at pH 6.0 and 9.3 using simultaneous ﬁtting
procedures of the spectra obtained at different temperatures.
This allows us to obtain the parameters of CSSh and, as a
result, suggest the nature of this state. Using this knowledge
we also discuss the effect of the trehalose glass and substrate
coordination on the dynamics and function of HRP, as well as
the relationship between solvent-dependent and -independent
protein motions and the resultant inﬂuence of the solvent on
the heme center.
Theoretical background
Our previous theoretical studies of the effect of electric ﬁeld
on the CO vibrational frequency (V) showed that 1 A˚ motion
of a unit point charge changes V by the order of 10 cm1
(32,34). This implies that there must be weak coupling
between the C–O stretching coordinate and motion of the
charged or polar parts of the heme environment. This is pure
dephasing, caused by this interaction, that mainly contributes
to the thermal broadening of the CO band; the contribution of
the relaxation processes hardly affects this dependence (47).
The CO vibrational frequency (V ¼ 1900–2000 cm1) is
much higher than the energy of thermal motion at room
temperature (;200 cm1). Thus, its excited vibrational
states are hardly populated even at room temperature and
barely contribute to the formation of the corresponding IR
absorption band. Therefore (41,42), the temperature depen-
dence of the CO band can be described in the framework of
the Condon approximation of general theory of optical ab-
sorption bandshapes (44–46,48). Assuming that the environ-
mental motion is harmonic and describing the coupling using
linear approximation, one can write down the Hamiltonian
H0 ¼ P
2
2M
1
p2
2m
1
1
2
ð11 2aqÞMV2Q21 1
2
mv
2
q
2
; (1)
where P and p,M andm,V and v, andQ and q are moments,
reduced masses, initial frequencies, and displacements along
the normal coordinate consisting mainly of the C–O distance
and the protein effective mode, respectively. The value a
is a constant of the linear coupling between the q- and
Q-displacements, which describes the degree of the effect of
the heme environment electric ﬁeld on V.
It was shown (49,50) that the coupling under consider-
ation shifts the equilibrium position of the adiabatic surface
of the ﬁrst excited CO vibrational state along the q coor-
dinate in respect to the ground state by
q0 ¼ a ZV
mv
2: (2)
It follows from general theory (44–46,48) that, in the case
of rigid shift of the excited state in respect to the ground, the
0th and ﬁrst moments of the corresponding absorption band
do not depend on temperature. The second moment (M2)
manifests very speciﬁc temperature dependence,
M2ðTÞ ¼ A1 1
2
BZv 3 coth
Zv
2kBT
 
; (3)
where
B ¼ a
2ðZVÞ2
mv
2 (4)
characterizes both the strength of the coupling under con-
sideration and elasticity constant of the heme environment
motion mv2; kB is the Boltzmann constant; and A $ 0 is a
temperature-independent contribution of inhomogeneous
broadening or zero temperature high-frequency vibrations,
which hardly change their amplitudes in the temperature in-
terval under investigation.
In the classical limit
Zv kBT; (5)
the band has a Gaussian shape, the second moment of
which is
s
2ðTÞ ¼ A1BkBT: (6)
Note that, in the case of strong inhomogeneous contribu-
tion (as is usually the case in protein systems because of their
distribution over different CSSs of the same set), the
bandshape is also close to Gaussian, for which the M2 value
depends on the temperature according to Eqs. 3 and 6.
The relationship
@ 2kT=Zvð Þ
@T
.
@ coth
Zv
2kT
  
@T
(7)
implies that, in the case of harmonic motion along the
q-coordinate, M2 cannot increase steeper than proportional
to T.
RESULTS
We consider different simplest models of the heme environ-
ment dynamics, which can be used to interpret the exper-
imental data. Two of them are based on an assumption that
the heme environment explores only one low-energy set of
CSSs, whereas other models take into account a possibility
of thermal population also of higher-energy CSSs. Note that,
below, the term ‘‘heme environment’’ will be used to
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describe only a part of the whole heme environment that
notably affects the CO bandshape.
Models of the heme environment dynamics
1. The energy of CSSh is too high to be populated, and the
heme environment motion is not affected by the glass-
liquid transition. In this case the motion of the environment
is harmonic and M2 is expected to have the characteristic
temperature-dependence of Eq. 3 or, if the classic limit
(Eq. 5) is fulﬁlled, Eq. 6.
2. The CSSh has too high an energy to be populated, but the
heme environment motion is affected by the formation of
the glassy matrix below the temperature of the glass-
liquid transition (Tc); such formation freezes-down motions
of the heme environment coupled to the CO IR transi-
tion. Taking into account that the glass-liquid transition is
narrow (see, for example, (41,51)), its width can be
neglected; therefore we assume that in the liquid sample
(T . Tc) the motion of the environment is harmonic,
whereas at T , Tc it is frozen-out (4). In this case, if
Zv kBTc; (8)
the band has Gaussian shape with second moment
s
2ðTeffÞ ¼ A1BkBTeff ; (9)
where
Teff ¼ T; T$ TcTc; T, Tc
 
: (10)
3. The protein including the heme environment can exist in
CSSl and CSSh, whereas the transition between them is
linked to the protein surface. However, in each of CSSs,
the heme environment motion is disconnected from the
protein surface and is harmonic in the whole interval of
temperatures.
In this case, the CSSh population can be described
using Teff (Eq. 10) as
pðTeffÞ ¼ 11 exp DFðTeffÞ
kBTeff
  1
; (11)
where DF is a difference in free energy between CSSh and
CSSl,
DF ¼ DE DS  Teff : (12)
Then, in the case of the harmonic motion in each CSS
and strong inhomogeneous contribution, the CO band is
described by the expression
FðVÞ ¼ I0fpðTeffÞG½VVh;s2hðTÞ
1 ½1 pðTeffÞG½VVl;s2l ðTÞg; (13)
where I0 is the band intensity, G[V–Vh(l), s
2
hðlÞ(T)] is a
normalized Gaussian with maximum at Vh(l) and second
moment of s2hðlÞ(T), which corresponds to the absorption
by CSSh(l). The temperature dependence of s
2
hðlÞ(T) is
described by Eq. 3, with constants Ah(l) and Bh(l).
The temperature dependence of M2 of the band can be
easily obtained using Eq. 13:
M2ðFÞ ¼ pðTeffÞs2h1 ½1 pðTeffÞs2l
1 pðTeffÞ½1 pðTeffÞðVh VlÞ2: (14)
4. The glassy matrix arrests the motion of the heme envi-
ronment in each of CSSs and does not affect the tran-
sition between them. The band has shape, described by
Eq. 13, where T has to be substituted for Teff and vice
versa, T4 Teff. Note that from the physical point of view
this model does not look reasonable; the ﬁtting procedure
presented below supported this conclusion.
5. Both the transition between CSSl and CSSh and the mo-
tion in each of these CSSs are connected to the protein
surface and, consequently, are frozen in the glassy matrix.
In this case the bandshape depends on the temperature
only in the liquid sample; this point can be described
mathematically substituting T/ Teff in Eq. 13.
6. Neither the transition between CSSl and CSSh, nor the
motions in each of the states are connected to the protein
surface. In this case, the bandshape is described by Eq. 13
with Teff/ T.
The HRP(CO) spectra
It was shown earlier (41,42) that heating of the liquid
samples of HRP(CO) in the liquid 60% glycerol/water (v/v)
solvent at pH 6.0 and 9.3 causes very strong increase of
M2 of the CO band, which is much steeper than proportional
to T. In Eq. 7, this unambiguously shows that, in the liquid
solution, the heme environment moves anharmonically. At
the same time, thermal broadening of the CO band at T, Tc
could be well described in the framework of the harmonic
model (Eq. 3).
Models 1 and 2 cannot explain such behavior of the band
and should be ruled out. Models 3–6 differ only by their
behavior at T , Tc and include thermal population of CSSh,
which can lead to the experimentally observed broadening of
the CO band.
To make the ﬁtting procedure faster, only nine represen-
tative spectra, which correspond to the glassy (ﬁve spectra)
and liquid (four spectra) samples (Tc ¼ 180 K (41)) and span
the whole experimental interval of temperatures, were con-
sidered. The ﬁtting was performed using the Levenberg-
Marquardt procedure. To accommodate the experimental
uncertainty, the rigid shift of the band and up to 5% variation
of the intensity (I0) upon the temperature change was allowed.
Taking into account the fact that all the spectra are relatively
narrow, we simulated the background by a baseline.
The result of the ﬁtting procedure showed that only Model
3 gives a reasonable ﬁt. The ﬁtting procedure automatically
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led to the conclusion that Bl ¼ 0 (see Eq. 4)—implying that
CSSl hardly contributes to the thermal broadening in both the
samples. It was also obtained that criterion 5 is fulﬁlled in
both the samples and the spectra were ﬁtted in the classical
limit (see Fig. 1 and Table 1 for the ﬁtting parameters). Note,
that the ﬁtting procedure leads to slightly differentVh andVl
values for the spectra measured at different temperatures, the
difference between them being constant. Their mean values
are presented in Table 1, and the standard deviations of the
Vl and Vh distributions in the pH 6.0 and 9.3 samples are
0.5 and 0.6 cm1, respectively. These deviations are in the
range of the experimental uncertainty.
Note that postulating of the intensity independence of
temperature and simultaneous ﬁtting of all of the spectra
allowed taking into account the contribution of broad and
low-intense subbands (see, for example, spectra at 170 and
290 K in Fig. 2). If the ﬁtting had been done for each
temperature separately, these contributions would easily es-
cape into erroneously determined background. This could
lead to an incorrect conclusion about the reduction of the CO
band intensity upon heating.
M2 of A0 band of Mb(CO)
M2 of this band also increases very steeply upon heating in
the liquid solvent (see Fig. 4 a) and cannot be interpreted in
the framework of the harmonic approximation (24). It is
successfully ﬁtted to Eq. 14, neglecting the shift of the CO
band upon the CSSl/ CSSh transition (Vh ¼ Vl) (ﬁtting
parameters are presented in Table 1). Note that, as remarked
in the Introduction, the uncertainty of the obtained param-
eters is larger than in cases of ﬁtting of spectra by
themselves.
M2 of A1 bands of Mb(CO) and Hb(CO), and of
the CO band of HRP(CO) with aromatic
substrate analog, benzohydroxamic acid (BHA)
Temperature dependences of M2 of the A1 band of Mb(CO)
and Hb(CO), and of the CO infrared absorption band of
HRP(CO)1BHA, are presented on Fig. 4 b. In this case, the
M2 increase upon heating is much weaker, than in the case of
HRP(CO) and can be ﬁtted to Model 2. The ﬁtting param-
eters are presented in Table 1.
M2 of the CO band of HRP(CO) in trehalose
The temperature dependence ofM2 of the central peak of the
HRP(CO) spectrum in trehalose can be ﬁtted in the frame-
work of the harmonic approximation to Model 1, Eq. 3, the
ﬁtting parameters being A ¼ 1.4 6 0.4 cm2, B ¼ 0.17 6
0.01 cm1, and v ¼ 223 6 18 cm1.
DISCUSSION
Modeling the heme environment dynamics
in HRP(CO)
As it was noted in Results, Models 1 and 2 cannot explain the
anharmonic temperature dependence of the infrared absorp-
tion CO band of HRP(CO) at pH 6.0 and 9.3.
Models 3–6 include the anharmonicity (thermal popula-
tion of CSSh) and in principle can cause the very strong
thermal broadening. However, it is very difﬁcult to imagine
how the glassy matrix can arrest the motion inside each of
CSSs and does not arrest the transition between CSSs, the
latter being expected to cause much stronger change in the
protein geometry. This explains why Model 4 fails to ﬁt to
the experimental data.
Model 5 assumes that the heme environment dynamics,
and, consequently, the CO bandshape are temperature-
independent in the glassy matrix. To understand why it does
not work, one should carefully inspect the temperature de-
pendence of the experimental spectra (see Fig. 2). It follows
from Fig. 2 that the 12(15) K spectra notably differ from the
corresponding 170 K spectra, the 170 K spectra having much
longer tails. This shows that the heme environment motion
depends on temperature even at T , Tc ¼ 180 K.
Model 6, which assumes that the populations of CSSh and
CSSl are changing even in the glassy matrix, leads to the too-
strong temperature dependence of the bandshape at T , Tc.
Model 3 ﬁts well to the experimental data. Fig. 2 clearly
shows how the increasing amplitude of heme environment
motion in CSSh upon heating leads to the appearance of the
band tails in the glassy matrix. It is also clearly seen how the
FIGURE 1 Temperature dependence of the CO infrared absorption band
of HRP(CO) in glycerol/water solvent at pH 6.0 (a) and pH 9.3 (b) (41,42).
The spectra from top to bottom correspond to the temperatures 12 (15 in the
case of the pH 9.3 sample), 50, 90, 130, 170, 200, 230, 260, and 290 K. The
solid curves represent the theoretical ﬁt to the experimental data (triangles),
obtained by using Model 3. In all spectra the background was subtracted.
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heating in the liquid solvent increases population of CSSh,
causing essentially non-Gaussian bandshape at 230 K, where
CSSl and CSSh are nearly equally populated. Further heating
strongly reduces the contribution of CSSl into the spectrum,
signaling an almost complete transition of the system in CSSh.
The temperature dependence of the CSSh population can
be calculated using Eq. 11 and the corresponding parameters
of Table 1. Fig. 3 shows that the population strongly depends
on the temperature, and at290K;95%of theproteinmolecules
in the pH 6.0 sample exist in CSSh, and ;90% in the pH 9.3
sample. It follows from Fig. 3 that, in the sampleswith a solvent
with Tc , 180 K, the band is expected to manifest stronger
temperaturedependence atT, 180K than in theglycerol/water
sample. This conclusion can be tested experimentally.
Note that, in principle, Models 3–6 could be generalized
by invoking a larger number of the higher-energy sets of the
CSSs. However, this generalization would increase a number
of parameters. Since the temperature dependence under con-
sideration is described in the framework of Model 3, this
generalization would be superﬂuous.
Nature of the excited conformational substate
The simplest explanation for the nature of CSSh would be to
suggest that it corresponds to a different protein conforma-
tion, in which the amino acids forming the HRP heme pocket
move with much larger amplitude than in CSSl. The cause of
this larger dynamics could be a cleavage of some hydrogen
bonds that exist in CSSl and anchor some speciﬁc amino
acid. However, the close inspection of the magnitudes of
parameters presented in Table 1 shows that this suggestion is
most probably wrong.
The pKa of the HRP(CO) distal histidine (His
42) was
reported to be 8.3 (52–55). Increasing pH above this value
causes the deprotonation of His42, transforming its positively
charged imidazolinium to neutral imidazole, which has a
moderate dipole moment. This change alters the structure of
the distal part of the heme pocket (43). The changes in the
pocket structure and the His42 charge essentially affect the
electrostatic interaction between the C–O dipole moment
and the heme pocket amino acids. As a result, the CO band
(40,43) notably shifts upon the change in pH from 6.0 to 9.3
(see Fig. 1).
Consequently, if the thermal broadening of the CO band
was caused by the motion of the heme pocket amino acids,
then the parameter of the electrostatic interaction of this
motion with the C-O dipole moment (B in Eq. 4) would be
essentially different at pH 6.0 and 9.3. However, it follows
from Table 1 that Bh is weakly affected by the pH change,
decreasing only by,10% upon the His42 deprotonation (this
decrease is of the order of the uncertainty of the ﬁtting
procedure; see Table 1), whereas Bl is the same at both pH
values. Moreover, the CO band position hardly shifts upon
the transition of the protein from CSSl to CSSh in both the pH
6.0 and 9.3 samples; this fact points to the weak change in
the heme pocket structure upon the transition. Therefore, one
should conclude that, most probably, the CO band broad-
ening is caused not by the increase in the heme pocket dy-
namics in CSSh, but by some other factor.
From our point of view, the best candidate for this role is
a disordered water molecule, which appears in the heme
pocket upon heating, and CSSl and CSSh correspond to
the protein conformation without and with this molecule in
the heme pocket. Indeed, HRP has a big pocket, which can
accommodate not only water, but also much bigger substrate
molecules and their analogs (56,57), and the analysis of the
crystal structure of ferric HRP suggests the presence of a
disordered water molecule in the heme pocket (56). The
pocket is less polar than the solvent, and therefore CSSl cor-
responds to the protein conformation with the water mole-
cule outside of the pocket. H2O has a strong dipole moment;
it can weakly bind in different places of the heme pocket and
move at these places and between them, affecting the CO
band width without notably changing its position. H2O entry
to the pocket from the solvent increases the entropy of the
entire system; this qualitative conclusion coincides with the
results of the ﬁtting procedure (see Table 1). Moreover, at pH
6.0 (His42 is protonated) the heme pocket is more polar and
has more places to bind H2O, than at pH 9.3. Therefore, both
the increase in entropy upon the water entrance (DS) and the
TABLE 1 Spectroscopic and dynamic parameters of the studied proteins
DE cm1 DS e.u. Ah cm
2 Bh cm
1 Al cm
2 Bl cm
1 Vh cm
1 Vl cm
1
HRP(CO) pH 9.3
(model 3)
1325 6 120 6.2 6 0.6 0 0.22 6 0.02 6.9 6 0.14 0 1935.6 6 0.6 1934.8 6 0.6
HRP(CO) pH 6.0
(model 3)
1453 6 145 7.2 6 0.6 12.0 6 4.2 0.24 6 0.04 6.0 6 0.2 0 1904.3 6 0.5 1903.7 6 0.5
A0 band, Mb(CO)
pH 5.0 (model 3)
1805 6 315 7.8 6 0.8 37.2 6 8.3 0.04 6 0.05 15.8 6 1.2 0 1966.0 1966.0
HRP(CO)1BHA
pH 6.0 (model 2)
— — — — 0 0.07 6 0.05 — —
A1 band, Mb(CO)
pH 6.8 (model 2)
— — — — 0 0.12 6 0.03 — —
A1 band, Hb(CO)
pH 6.8 (model 2)
— — — — 7.35 0.04 6 0.005 — —
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inhomogeneous broadening in CSSh (Ah) are expected to be
stronger at pH 6.0 than at pH 9.3. This qualitative conclusion
also coincides with the results of the ﬁtting procedure (see
Table 1; note, however, the uncertainty of the DS evaluation).
Water motion inside the heme pocket is hardly connected to
the protein surface and is expected to take place in CSSh even
in the glassy environment. On contrary, the water entrance
into the pocket (CSSl/ CSSh transition) is coupled to the
large amplitude motions of the heme pocket, their arrest by the
glassy matrix making water entrance impossible. The latter
two features explain the ability of Model 3 (and only of Model
3) to ﬁt the experimental data.
The appearance of the disordered water molecule in the
heme pocket can be also caused by a cleavage upon heating
of the hydrogen bond between one of the ordered heme
pocket water molecules and the corresponding amino acid
(56). We cannot exclude this possibility, but note that the
presence of a hydrogen-bonded ordered water molecule in
the pocket produces a static electric ﬁeld. This ﬁeld is ex-
pected to notably shift the CO band position. At the same
time the disordered water molecule only broadens the band.
Consequently, one should expect not only broadening, but
also a notable shift of the CO band upon heating when the
hydrogen bonded is cleaved and the water moves in the
pocket. This conclusion is in contradiction to the very close
values of Vl and Vh, and makes this mechanism less likely.
Additional x-ray diffraction experiments at low temper-
atures can be suggested to distinguish between these two
mechanisms. If a water molecule enters the heme pocket at
higher temperatures (in liquid solvent), the number of ordered
water molecules at low and room temperatures is expected to
be the same. On the contrary, if heating of the sample liberates
an ordered hydrogen-bonded water molecule, the experiment
must clearly show this.
It follows from the consideration presented above that
position of the CO band in HRP(CO) is controlled by the
electrostatic interaction with heme pocket amino acids (43),
whereas main contribution to the band broadening most prob-
ably stems from the interaction with the disordered water mol-
ecule in the pocket.
Other heme proteins
On Fig. 4 a, the temperature dependences of M2 of the CO
bands of HRP(CO) at pH 6.0 and 9.3 (calculated using Eq. 14
and parameters from Table 1) and of the A0 band of Mb(CO)
FIGURE 3 Temperature dependence of the population of the excited
conformational substate in the HRP(CO) at pH 6.0 and 9.3 (thick dashed and
solid curves, respectively) and of the open conformation of Mb(CO) at pH 5.0
(thick dash-dotted curve). The thin curves represent the would-be populations
of CSSh, if the samples were liquid in the whole interval of the temperatures.
FIGURE 2 Temperature dependence of the contribution of CSSl and
CSSh into the CO band (thick solid curve corresponds to the ﬁt of the band;
dashed and thin solid curves describe the contributions of CSSl and CSSh
into the band, respectively; and the dotted line is background). The left and
right columns correspond to the pH 6.0 and 9.3 samples, respectively.
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at pH 5.0 (24) are presented. The A0 CO infrared absorption
band was shown (34,58–61) to correspond to the open
protein conformation with the distal histidine located outside
of the heme pocket. In this conformation the distal part of the
heme pocket is big enough to accommodate nitrite (62) as
well as the water molecule. The myoglobin heme pocket
is hydrophobic; consequently the CSSl must correspond to
the state with the water molecule out of the pocket. Upon
heating, the water molecule can enter the pocket, forming
CSSh. This naturally explains why Model 3, which involves
an assumption about the presence of CSSh, ﬁts in the ex-
perimental data. Our interpretation of CSSh as CSS with a
disordered water in the pocket is also supported by the fact
that the band position hardly depends on the temperature
(24), suggesting a small difference between Vh and Vl. Note
that this result reinstates an earlier proposition (25,63) that,
in the open conformation, there is CSSh (called A90 by the
authors). Population of this CSSh strongly increases upon
heating (see Fig. 3), being lower than for HRP in nearly the
entire interval of the temperatures studied. This result is
easily understandable, because the Mb heme pocket is much
smaller and less polar than that of HRP.
In the closed conformation, which is mostly populated at
pH 6.8, the distal histidine is located inside the heme pocket,
leaving much less free space. Consequently, the CSSh energy
is much higher and its population is expected to be much
less. As a result, it hardly contributes to the CO band, and the
thermal broadening temperature dependence of the related
A1 CO band is expected to behave harmonically in the liquid
solvent. In the glassy environment, the band is expected to
depend on temperature harmonically if the heme environ-
ment is not linked to the protein surface, and be tempera-
ture independent if the heme environment is strongly linked
to the protein surface. Fitting shows (see Fig. 4 b) that, in
the closed conformation of Mb(CO), the latter situation takes
place (Model 2). The same is true for HRP(CO)1BHA and
the closed conformation of Hb(CO), showing that the BHA
binding in the HRP heme pocket displaces the disordered
water even at room temperature (57). Most probably in all
these cases the CO broadening is caused by the electrostatic
coupling to themotions of the heme pocket amino acids, which
are linked to the protein surface. This cause of the broadening
also presumably exists in the CSSh of the HRP(CO) and
Mb(CO) open conformation, but is masked by a much stronger
contribution of the disordered water.
It was obtained recently (64) that the distal histidine
relaxation after the Mb(CO) photolysis is mostly disengaged
from the solvent. However, as the authors (64) note, this dis-
engagement most probably arises from the inward direction
of the histidine relaxation movement. Moreover, this dis-
placement is relatively small. On the contrary, in the open
protein conformation the distal histidine is displaced signif-
icantly outward of the pocket; this displacement is expected
to be strongly linked to solvent.
Trehalose (Tc¼ 331 K) exists in a glassy state in the entire
interval of temperatures studied in this article. The infrared
absorption spectra of the pH 6.0 sample of HRP(CO) in
trehalose consist of three clearly distinct peaks, at least at
low temperatures (42). This is very different from other
HRP(CO) spectra (Fig. 1), which manifest only one absorp-
tion peak in the interval 1900–2000 cm1. In Fig. 4 b, the
temperature dependence of M2 of the most intense central
peak is presented; despite the glassy environment, it signi-
ﬁcantly depends on temperature. This dependence was ﬁtted
to the harmonic model 1, Eq. 3, which suggests that there
is no CSSl / CSSh transition. This dependence is much
stronger than that of the closed conformations of Mb(CO),
FIGURE 4 Temperature dependence ofM2 of the CO IR absorption band
of different proteins. (a) HRP(CO) at pH 6.0 (dashed curve) and 9.3
(dashed-dotted curve), and A0 component of the open conformation of
Mb(CO) at pH 5.0 (open circles) (24); (b) central component of HRP(CO) in
trehalose glass at pH 6.0 (solid triangles) (42); A1 component of the closed
conformation of Mb(CO) at pH 6.8 (solid circles) (24); A1 component of the
closed conformation of Hb(CO) at pH 7.0 (asterisks) (67); and
HRP(CO)1BHA at pH 6.0 (solid squares) (41). Solid curves represent
ﬁts to different models as described in the text.
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Hb(CO), and HRP(CO)1BHA, where there is also no CSSl
/ CSSh transition. Moreover, this is the only case where the
quantum effects are clearly seen and the effective frequency
of the active vibration is found out: v ¼ 223 cm1. All these
facts imply that, in this case, the heme pocket structure
signiﬁcantly differs from that in the glycerol/water mixture.
Three hypotheses can be invoked to explain the experimen-
tally observed temperature dependence under consideration.
First, the HRP(CO) trehalose sample contains disordered
water. This is possible because the solid sample was prepared
from the trehalose-water solution (42), and the probability for a
water molecule to enter the pocket at T . 300 K in liquid
solvent is close to 1 (see Fig. 3). Formation of the glassy matrix
upon the sample drying can lock the water in the pocket
keeping the system in CSSh at all the temperatures studied.
This assumption is supported by the close magnitudes of the
coupling of the CO band to the heme environment: Bh ¼
0.24 6 0.04 (glycerol-water solvent) and 0.17 6 0.01
(trehalose glass) cm1. The quantum effects in the temperature
dependence can stem from the change in the water molecule
motion, because in the glass under osmotic stress the protein in
general and the heme environment in particular can become
more compact.
Another possibility is that the reduction of the distances
between the CO and the pocket amino acids upon the heme
pocket contraction in the glassy matrix increases the cou-
pling of the CO band to the internal vibrations of these amino
acids. If this interpretation is correct, the 223 cm1 is an
effective frequency, which corresponds to a group of internal
vibrations of the heme pocket amino acids.
And ﬁnally, the central peak of HRP(CO) in trehalose at
pH 6.0 can correspond to the conformation with a trehalose
molecule located in the pocket (despite its big size, trehalose
is ﬂexible and can enter the pocket). In this case, the stronger
thermal broadening than in the cases of HRP(CO)1BHA,
and closed conformations of Mb(CO) and Hb(CO) and the
quantum effects, can be interpreted as a manifestation of the
coupling of the CO band to internal vibration of the trehalose
molecule. This assumption is supported by the facts that
trehalose has vibrations in this region of 223 cm1 (65) and
another peroxidase accommodates a molecule of co-solvent,
glycerol, in its pocket (66).
Note that in this article we constrained ourselves to the
simplest model of the protein dynamics, which invokes only
one CSSh. It is clear that it can be (and probably are) several
higher energy conformational states. However, the fact that
the simplest model allows interpreting the experimental data
successfully shows that no conclusions about the larger num-
ber of CSSh and their nature can be done on the basis of the
experimental data under consideration.
CONCLUSION
The temperature dependences of the infrared absorption CO
bands of HRP(CO) at different pH values and of second
moments of the CO bands of Mb(CO) and Hb(CO) were
interpreted using the theory of optical absorption bandshape.
The interpretation revealed very different dynamics of the
heme environment in these proteins: anharmonic, caused by
the presence of the high-energy CSSh; harmonic in the liquid
solvent and frozen-in by the glassy matrix; and harmonic in
the whole interval of temperatures studied.
In HRP(CO) and the open conformation of Mb(CO) a
high-energy set of CSSh exists. Its population strongly in-
creases upon heating and becomes close to 1 at room tem-
perature. Most probably this CSSh corresponds to the protein
substate with a disordered water molecule in the heme
pocket. It is clear that the disordered water is also expected to
affect the structure and dynamics of the heme pocket itself.
Note that, to our best knowledge, this is the ﬁrst example of
an almost complete transition of a native protein from a low-
energy set of conformational substates to a high-energy one,
caused by heating. It is the population of this CSSh, which
was shown to cause the anharmonic behavior of the CO bands
under discussion.
In the HRP(CO)1BHA and closed conformations of
Mb(CO) and Hb(CO) the disordered water is forced out of
the pocket by BHA or the distal histidine. This strongly in-
creases the CSSh energy and causes a very small population
of CSSh, even at the highest studied temperatures. Thus, the
only contribution to the thermal broadening of the CO band
stems from the electrostatic coupling of the CO vibration to
the amino acids of the heme pocket. Their motions are linked
to the motion of the protein surface. Therefore these motions
are frozen in the glassy matrix, whereas in the liquid solvent
they are well described in the harmonic approximation. As
the result, the CO band second-moment is temperature inde-
pendent in the glassy matrix and is proportional to the tem-
perature in a liquid solvent.
Finally, the harmonic behavior of the central CO peak in
the infrared absorption spectra of HRP(CO) in trehalose
manifests electrostatic coupling of the CO vibration to an os-
cillator which is disengaged from the protein surface motion.
Usually enzymes have big pockets near their active site,
which can accommodate the substrates. These pockets are
more hydrophobic than the protein environment. Therefore
the water entrance in this pocket upon heating and its
presence at room temperature can be a general property of
different enzymes. It is obvious that change in the number of
the disordered water molecules in the pocket should affect
the mechanism and dynamics of the enzyme functioning
and must be taken into account when interpreting the ex-
perimental data. For example, the enthalpy and entropy of
the enzymatic reactions is usually obtained from the tem-
perature dependence of their equilibrium and rate constants.
Doing so, one must remember that most probably the tem-
perature change affects the population of different sets of
the enzyme’s conformational substates, which differ by the
number of disordered water molecules in the active site
pocket.
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